L,-Nimodipine, a dihydropyridine that interacts with a Ca ++ channel-associated binding site, when delivered (30 to 150 ~tg/kg) intra-arterially (ia) to enflurane-anesthetized cats, produced a dose-dependent suppression of seizures evoked by pentylenetetrazol. A comparable suppression was produced by clonazepam (1 to 30 ug/ kg, ia). Phenytoin was maximally effective only at nearly lethal doses (90 mg/kg, ia). Verapamil, a diphenylalkylamine that interacts with a separate Ca ++ channel-associated site, at the maximum nonlethal dose (6 mg/kg, ia) resulted in a mild facilitation of seizure activity. The drug vehicle used in these studies (50% polyethylene glycol-400) had no effect when given alone. Regional cerebral blood flow (rCBF) as measured by the clearance of xenon-133 was markedly elevated immediately after the onset of seizure activity (89 _+ 3 to 168 _+ 4 ml/100 gm/min). Concurrent with their resolution of the seizure activity, both nimodipine and clonazepam reduced rCBF to near preseizure levels and preserved the rCBF response to hypercarbia which would otherwise have been abolished following prolonged seizure activity. Moreover, the effect of nimodipine on rCBF and seizures occurred without any prominent alterations in mean arterial blood pressure as compared to preseizure levels. These data support the proposition that a dihydropyridine Ca ++ channel binding site may play a role in modulating paroxysmal neuronal activity, and suggest that this class of agents may reflect a novel group of antiepileptic drugs.
PILEPTIFORM activity reflects a depolarization which gives rise to a synchronous bursting of cortical neurons followed by a phase of hyperpolarization. The mechanism of this synchronous depolarization is not known, but its appearance in a variety of human seizure states and in most chemical, mechanical, or electrical models of seizure in animals suggests common underlying mechanisms. Accumulating evidence does, however, indicate a possible role for Ca ++ currents in generating this repetitive neuronal activity (see Discussion).
A direct test of the hypothesis that Ca *+ channels play a role in the proximal activity associated with seizures would be to modify Ca ++ flux. Current thinking has emphasized the possible role of three families of agents that may modify Ca ++ channel function. These are the dihydropyridines (such as nimodipine, nitrendipine, and nicardipine), the diphenylalkylamines (such as verapamil and methoxyverapamil), and the benzothiazipines (such as diltiazem). 2~ Several study groups have demonstrated that agents thought to interact with Ca ++ channels may alter behavioral and electrographic signs of seizures in rodents 35'37 and rabbits, lv-~9' 35 The present studies were designed to extend these observations so as to determine the effects of nimodipine and verapamil, agents thought to act at discriminable binding sites, on the generalized convulsions and changes in cerebral blood flow (CBF) induced by pentylenetetrazol (PTZ, Metrazol) in the enflurane-anesthetized cat. Classically, PTZ seizures have been pharmacologically defined as reflecting petit mal or "absence" seizures, z6 For comparison, dose-response curves were also carried out with phenytoin and clonazepam, agents that are commonly used in the treatment of grand mal and petit mal seizures, respectively.
Materials and Methods

Animal Model
Cats of either sex, weighing from 2.2 to 5.0 kg each, were anesthetized intramuscularly with ketamine, 30 mg/kg. Following induction of anesthesia, a tracheostomy was performed; ventilation was maintained by a Harvard respirator with 2% enflurane delivered in a mixture of O2/air/CO2 in a ratio of 1:5:0.13. This ratio was modified to obtain a PaO2 of 100 to 150 torr and a pCO2 as required by the experiment. Pancuronium bromide (0.15 mg/kg) was delivered intravenously to abolish respiratory efforts and was supplemented as necessary. The animal was maintained at normothermia with a heating blanket.
Polyethylene (PE-90) venous and arterial catheters were introduced into the fight femoral artery and vein for measuring blood pressure and blood gas levels and for the administration of drugs. A PE-90 catheter was placed into the fight subclavian artery for administration of xenon-133 (133Xe) for regional CBF (rCBF) measurements and also for drug administration. After preparation, the animal was placed in a stereotaxic head-holder. Blood loss during the entire preparation of the animal was minimal (estimated to be less than 10 ml).
Cerebral Blood Flow
To measure CBF, the skin, fascia, and temporalis muscle were excised bilaterally from the skull to the level of the zygomatic arch. This assured that the ~33Xe CBF measurements were free of contamination from blood circulation associated with muscle. The CBF was measured from the washout curve of a 1-cc bolus of 133Xe (approximately 500 uCi) injected into the right subclavian artery. The sodium iodide detector was placed perpendicular to the skull over the right temporoparietal region. The CBF was calculated (in 100 gm brain tissue/min) by the initial-slope techrfique. 36 
Electroencephalographic Monitoring
Electroencephalograms (EEG's) were monitored by inserting, through cranial burr holes, three pairs of goldplated pins arranged bilaterally over the frontoparietal cortices. The resultant four-channel EEG's were recorded on a Grass polygraph. One EEG channel was fed into an integrator with full wave rectification to monitor integrated energy as a function of time.* The EEG's were analyzed by quantifying the number of bursts, burst duration, and burst-suppression duration during each 10-minute interval.
Experirnental Protocol
After completion of the preparation as described above, the rCBF response at normocarbia (PaCO2 37 to 42 torr) and subsequently at hypercarbia (PaCO2 55 to 65 torr) was determined. Elevated PaCO2 was produced by increasing the proportion of CO2 in the ventilatory gas mixture (02~air~C02) to 1:5:0.5. The animal was then returned to normocarbia. At each PaCO2 level, * Polygraph and integrator, Model 7PI0, manufactured by Grass Instrument Co., Quincy, Massachusetts.
arterial blood gases and pH were measured by a blood gas analyzer.t
After the second normocarbic flow, PTZ was infused at 25 mg/kg/min until intermittent bursts were observed on the EEG's. An additional 50% of this minimum dose was then given. This regimen was shown in a preliminary study to produce stable periodic bursting for periods in excess of 1 hour. The average dose of PTZ given was 240 _+ 6 mg/kg. At 2 and 8 minutes after the initiation of a burst-suppression pattern of seizure activity, rCBF and blood gas levels were measured.
At 10 minutes after PTZ infusion was begun, each animal was randomly assigned to receive either a drug treatment or vehicle. Arterial blood gas levels and rCBF were measured again at 20, 40, and 60 minutes after the initiation of seizures. Thus, the effect of the drug or treatment was followed for 50 minutes, after which the rCBF response to hypercarbia was again assessed (70 minutes after initiation of the PTZ infusion).
Drugs
To minimize systemic side effects, all drug injections were given into the subclavian artery. All drugs were prepared as the final concentration to be delivered was given in dissolved 50% polyethylene glycol (PEG)-400 and saline. In the control group eight cats received a normal saline injection, and in the vehicle group eight cats were infused with an equivalent amount of drug vehicle (PEG-400) into the subclavian artery over approximately 8 to 10 minutes. The following drugs were evaluated: nimodipine in 17 cats, clonazepam in 11 cats, and phenytoin in 11 cats. Verapamil was examined at the highest noncardiotoxic dose (6 mg/kg) in five cats.
Statistical Analysis
Regional CBF (ml/100 gm/min) at normocarbia was compared after seizures with the preseizure levels using a one-way analysis of variance (ANOVA) with repeated measurements for each drug group. To permit estimation of vascular reactivity as a function of PaCO2, the slope of the line connecting the rCBF at normocarbia and hypercarbia was established using a least-squares linear regression for each animal before and at 60 minutes following initiation of seizures. The slopes of the individual CO2 response curves were compared using a Duncan multiple-means analysis. 7 Seizure activity on EEG's (number of bursts, burst durations, and duration of burst suppression) was computed for each animal during the 60-minute study period. Log doseresponse curves were calculated for these three parameters using a least-squares linear regression, and the relative potency of the several agents was estimated with 95% confidence intervals where appropriate. 32 Means were calculated _+ standard error. + Blood gas analyzer (pH m73) manufactured by Radiometer America, Inc., Westlake, Ohio. Tracings showing effective abolition of seizures and return to a normal EEG tracing after intra-arterial treatment with nimodipine, 150 ug/kg. Temporal sequence of each tracing is presented with the numbers below.
Results
Baseline Pretreatment Measurements
Prior to the administration of PTZ, mean resting rCBF was 89 + 3 ml/100 gm/min at a mean blood pressure of 141 + 3 mm Hg (in 56 studies). All animals displayed a control response to hypercarbia, with the mean slope of the rCBF-CO2 response curve for the FIG. 2. Burst duration on electroencephalograms, expressed as percentage control at the time of drug administration and plotted as a function of time after drug treatment. There were eight cats in each group. PEG-400 = polyethylene glycol-400 (vehicle). group being 2.73 _+ 0.04 ml/100 gm/min/torr. Over the ensuing 60 minutes in five control cats without seizures, CBF and the PaCO2-rCBF response function showed a modest decline (rCBF 80 _+ 14 ml/100 gm/min; PaCO2-rCBF 2.28 + 0.43 ml/100 gm/min/torr).
Following the infusion of PTZ, rCBF increased significantly in all animals immediately after EEG's 9 showed the onset of bursts. These rCBF increases were, on average, from 89 _+ 3 to 168 + 4 ml/100 gm/min at 8 minutes after PTZ infusion was begun (t = 19.23, df = 47, p < 0.005).
Drug Treatment
Seizure Activity. In eight saline-treated cats, seizure activity following PTZ lasted throughout the 60-minute recording period with no evidence of diminution (Figs. 1 and 2). Thus, the total period of bursts on EEG's in the saline group during the first 20 minutes prior to PTZ infusion was 252 _+ 27 seconds compared with 211 + 37 seconds for the last 20 minutes (t = 0.42, df = 6, p > 0.3). Examination of the total integrated energy, the number of bursts, and burst-suppression duration yielded data that covariated with the total time of bursting and so will not be discussed further. Vehicle (PEG-400) was delivered to eight cats and appeared to result in an initial transient suppression of seizure activity as compared to the saline control group ( Fig. 2) . Cumulative analysis of the seizure activity, however, revealed no difference between saline-and vehicle-treated control animals ( Fig, 3 ; t = 0.81, df = 7, p > 0.6).
Nimodipine administration resulted in a clear suppression of seizure activity. Figure 1 depicts a typical EEG in a nimodipine-treated cat. The tracing shows effective abolition of the epileptiform bursting after drug delivery of 150 ug/kg. It is of note that after the infusion of nimodipine the EEG exhibited activity comparable to that observed prior to seizures: however, typical bursting had been suppressed. A similar suppression of PTZ-induced seizures was produced by clonazepam and phenytoin. The effects of these agents in seizure bursting were observed to be dose-dependent (Figs. 3 and 4) . Phenytoin was given at 90 mg/kg, which was a lethal dose in that all animals died within 15 to 20 minutes of the termination of the experiment. Doseresponse analysis indicated no statistical difference in the best-fit slope with the three other agents. The relative seizure-suppressing potency of these agents was: clonazepam (l.0) = nimodipine (0.12) >> phenytoin (1.9 • 10 4). Verapamil at the highest noncardiotoxic dose actually resulted in a mild exaggeration of the PTZ-induced seizures. The vehicle had no statistically significant effect on any of the seizure measurements.
Mean Arterial Blood Pressure. Coincident with the onset of PTZ-induced seizures, mean arterial blood pressure (MABP) rose precipitously from baseline to 190 to 200 mm Hg in all cats. In the eight vehicletreated animals, MABP remained elevated with little reduction for the duration of the experiment (Fig. 5  left) . As the majority of the active drugs employed in the present experiments have hypotensive properties, we considered that the appropriate control was to diminish MABP by the intravenous infusion of sodium nitroprusside (up to a maximum of 15 ug/kg/min) given to take effect 10 minutes after the initiation of bursting. Thus, in the eight saline-treated control cats, this manipulation reduced MABP from 1.97 + 5 to 151 + 7 mm Hg (t = 4.631, df = 14, p < 0.01). In contrast to the saline controls, cats in the vehicle-treated group received no nitroprusside, which explains why the MABP in this group of animals was higher than in the control saline-treated group. Thus, at 60 minutes after PTZ infusion was begun, MABP was significantly higher than the baseline level and higher than in the saline control group measured at the same time (176 _+ 7 vs. 141 _+ 11 mg Hg; t = 2.72, df = 14, p < 0.01). Following administration ofnimodipine or clonazepam at doses which abolished seizure activity, significant reductions in MABP were observed to normotensive levels (Fig. 5) . Thus, in animals treated with nimodipine (150 ug/kg), MABP fell from 192 + 5 to 110 _+ 2 mm Hg. In all cases, these values were lower than those observed in the vehicle-treated group. Administration of verapamil (6 mg/kg), at a dose that failed to alter seizure activity (see above), resulted in a reduction in MABP.
Regional Cerebral Blood Flow. In the salinetreated group, rCBF displayed a marked increase following onset of seizures and gradually declined during the rest of the study period, but remained significantly above preseizure levels. Thus, at 20 and 60 minutes after PTZ infusion was begun, mean rCBF was 134 ___ 14 and 125 _ 8.2 ml/100 gm/min, respectively, compared to 88.5 + 6.4 ml/100 gm/min assessed prior to seizures (t = 5.40, df = 7, p < 0.01) (Fig. 5 left) . The rCBF in the vehicle-treated group was no different from that in the saline control group (Fig. 5 left) MABP in vehicle-treated animals was significantly higher than in saline-treated animals, as the latter had been treated with nitroprusside.
Coincident with the depression of the epileptiform activity, rCBF decreased after the infusion of nimodipine, 150 ug/kg, and clonazepam, 30 tag/kg (Fig. 5) . Thus, for the nimodipine group, the mean rCBF during seizure activity at 8 minutes after PTZ administration had begun was 164 _+ 11 ml/100 gm/min. Ten minutes after the infusion of nimodipine, blood flow decreased to 93 + 8.4 ml/100 gm/min, a value no different from preseizure control levels (t = 0.15, df = 14, p > 0.20). Comparable results were obtained from observations with clonazepam (Fig. 5 right) . Thus, rCBF decreased from a pre-drug level of 176 ___ 14 ml/100 gm/min at 8 minutes after PTZ infusion to 112 + 11 and 80 ___ 6 ml/100 gm/min, respectively, at 10 and 50 minutes after the administration of clonazepam, values no different from preseizure levels (t = 0.50, df = 4, p > 0.20).
It should be noted that the reduction in rCBF produced by nimodipine was not the result of a nonspecific systemic dilation. In a separate control group of animals without seizures, nimodipine, 150 ug/kg, was administered intra-arterially. Before the infusion of nimodipine, rCBF was 82 _+ 8 ml/100 gm/min and after the infusion rCBF was 90 + 9 ml/100 gm/min measured (t = 0.87, df = 4, p > 0.2).
Infusion of phenytoin, 30 mg/kg, significantly decreased the seizure-elevated rCBF from 185 _+ 4 to 127 _+ 9 and 141 _+ 3 ml/100 gm/min at 20 and 60 minutes, respectively (Fig. 5 right) . However, even with this high dose, these values remained elevated as compared to preseizure levels (p < 0.05). Verapamil also produced a decrease in rCBF but, if compared to the saline-treated control group at 20 and 60 minutes, the levels did not differ significantly (t = 1.36, df = 11, p > 0.2 and t = 0.66, df = 11, p > 0.25, respectively). However, MABP measured at the same times was significantly less (t = 2.07, df = 11, p < 0.05 and t = 1.86, df = 11, p < 0.05, respectively), despite the fact that in the control group the MABP was artificially lowered.
Regional Cerebral Blood Flow-CO2 Response
In control animals without seizures, the rCBF-CO2 response displayed a slight reduction in slope after 60 minutes (Fig. 6) . In contrast, 60 minutes after administration of PTZ in the saline-treated cats, the slope of the rCBF-CO2 response function fell to -0.87 _+ 0.8 ml/100 gm/min/torr (t = 4.62, df = 2, p < 0.005 as compared to preseizure control levels), showing that there was no response in the rCBF to an increased PaCO2 (Fig. 6) . Similarly, in the groups treated with vehicle (PEG), verapamil, and phenytoin the rCBF response to hypercarbia was abolished. 
Discussion
Seizure activity is characterized by a repetitive synchronous discharge of neuronal populations which is associated with: 1) an increased cerebral metabolic rate: ~6 2) an increase in rCBF; and 3) an attendant rise in MABP. The elevated MABP results from activation of a powerful sympathetic discharge. The elevated rCBF likely reflects the coupling of nutritive requirements and rCBF. 28 As shown in the present experiments, decreased MABP using a systemic vasodilator in animals during seizures failed to reduce the elevated rCBF. This suggests a functional autoregulation.
Ca ++ and Epileptogenic Activity
Several lines of evidence support a role of neural Ca ++ flux in modulating the repetitive depolarization behavior of neurons. Depolarization in spontaneously active neuronal models may be facilitated by subthreshold voltage-dependent Ca ++ fluxes. 6']2 '39 In a variety of neuronal systems, Ca ++ currents appear responsible for the prolongation of low-threshold, sodium-dependent spike potentials. 1~
A Ca ++ influx may augment potassium currents, which are responsible for the repolarization of the transmembrane potential, and thus facilitates the propensity for repetitive bursting. ~8'L~ The presence of intrinsically bursting pacemaker cells has been documented in the hippocampus where they occupy the region of the Ca2-Ca3 pyramidal neurons. These pacemaker-like slow depolarizations are dependent upon inward movement of Ca ++ which can be blocked by Ca ++ antagonists such as cobalt. ~j Cortical neurons with intrinsic bursting capabilities have also been shown to be present mainly in layers IV and V of the cortex. 4 Although the relationship of Ca ++ flux to these intrinsically bursting cells is currently not clear, Wong and Prince 384~ suggested that paroxysmal depolarization waves generating interictal discharges in most forms of experimental seizures are likely caused by voltage-dependent dendritic Ca ++ currents. Prince 24 and Wong 38 also proposed that the blockade of postsynaptic inhibition by epileptogenic agents results in voltagedependent inward dendritic Ca ++ currents in some of the hippocampal neurons. Bingmann and Speckmann 3 observed that the paroxysmal discharges in hippocampal Ca3 cells were blocked with lowered extracellular Ca ++. Somjen and colleagues 14''5'2~-3~ suggested that voltage-dependent presynaptic Ca ++ influx could trigger seizure discharges. They noted the presence of paroxysmal dorsal root potentials during seizures originating in spinal gray matter. It was proposed that if the dorsal root potential currents were carried by Ca ++ , they would facilitate a release of transmitters and a prominent excitatory postsynaptic potential. Electrophysiological studies have indeed suggested that voltage-dependent Ca ++ channels are present on dendrites, axons, and cell bodies of neurons. 2"9 This brief summary supports a probable role for Ca ++ flux in the facilitation of repetitive neuronal activity. However, much of the evidence regarding the role of such Ca++-associated mechanisms in seizures is only suggestive, and the precise role of Ca ++ flux remains unclear.
Ca ++ Channel Antagonists and Neuronal Ca ++ Flux
A group of pharmacological agents, referred to as Ca ++ channel antagonists, are thought to interact principally with voltage-sensitive channels through which Ca ++ passes. These agents are conceived to bind to sites that are functionally coupled to Ca ++ channels. 2~ Binding studies have suggested the existence of at least three subclasses of Ca ++ channel-associated binding sites. These sites are characterized by the respective structural classes of ligands: the dihydropyridines (such as nimodipine and nitrendipine), the diphenylalkylamines (such as verapamil), and the benzothiazepines (such as diltiazem). It should be noted that, in spite of their name, the effect of these agents in neuronal Ca ++ flux is not simple. Thus, uptake of isotopic Ca ++ into synaptosomes is not totally blockedy 4 and the issue of whether or not dihydropyridines block a number of Ca++-dependent synaptic potentials or neurotransmitter release is controversial. 22'23'25 Physiological studies have made it apparent that the net movement of Ca ++ into the cell may occur by several distinct channels. In physiological studies, Nowycky, et al., 21 presented evidence for three types of Ca ++ channels in dorsal root ganglion cells: 1) L channel, possessing large conductance; its activation results in long-testing current flux during strong depolarization (greater than -40 mV); 2) T channel, possessing small conductance; it is activated during weak states of depolarization of the resting membrane; and 3) N channel, requiring strong depolarization for activation and strongly negative potentials for removal of inactivation. The dihydropyridine agonist BAY K 8644 increases the likelihood of opening the L but not the T or N channels.
Thus, although speculative, the net analysis suggests that, while neuronal Ca ++ fluxes as a whole are not blocked .by these families of organic molecules, the net current reflecting Ca ++ movement may consist of functionally distinctive components, some of which may be modulated by the dihydropyridine family of agents. By extension, this flux may contribute to the propensity of the neuron to undergo repetitive discharges. Indeed, Llinfis and Yarom 13 have speculated that the interaction between the non-inactivating high-threshold current and the low-threshold conductance may be involved in the regulation of bursting in single cells.
Ca ++ Channel Blockers and Seizure Activity
Whatever the relationship between the Ca ++ channels and these three binding sites, the present data indicate that it is the dihydropyridine and not the diphenylalkylamine site that is pharmacologically relevant to the anticonvulsant effects of this class of agents. A similar selectivity has also been demonstrated in other seizure models by this laboratory. 17,18 These data fail to demonstrate a prominent effect of verapamil in cat and rabbit models at subcardiotoxic concentrations and are in contrast to previous work by Walden, et al., 35 who M. E. Ots, et al.
found a potent anticonvulsant action of this agent in rats. The reason for this difference is not presently known.
Conventional anticonvulsive agents have been shown both clinically and in various seizure models to vary in their ability to suppress seizure activity. Thus, phenytoin is more effective in the treatment of grand real seizures, and clonazepam and valproic acid are more potent in the treatment of petit mal seizures. 42 Several seizure models have been developed that reflect this differential efficacy. Thus, PTZ-induced seizures have been defined pharmacologically as an "absence" seizure model, and electroconvulsive shock as a grand mal seizure model. 26 Consistent with this interpretation, clonazepam was observed to be far more effective than phenytoin, the former being therapeutically useful in petit mal and the latter in grand mal seizures. Nimodipine was found to be only slightly less active than clonazepam. In other studies carried out in this laboratory, nimodipine was found to be effective against seizures induced by ischemia, bicuculine, and pentylenetetrazol in halothane-anesthetized rabbits (see above). Thus, this dihydropyridine agent appears to be effective in all models studied so far, and this appears to be in distinction to other conventional anticonvulsant agents.
Conclusions
It has been shown that the dihydropyridine Ca ++ channel blocker, nimodipine, is able to depress seizure activity in a dose-dependent fashion. This effect occurs at doses that do not cause cerebral vasodilation and do not alter the PaCO2-rCBF response function. The present studies also provide evidence consistent with the hypothesis that Ca ++ flux modulated by a dihydropyridine-associated channel may be functionally related to the repetitive synchronous bursting characteristic of neuronal populations during seizure. The apparent ability of nimodipine to alter seizures evidenced by a wide variety of stimuli suggests such a generalized role for Ca ++. The effectiveness of dihydropyridine Ca ++ channel blockers to suppress seizures may offer a new modality in the treatment of epilepsy.
